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ABSTRACT
To capture wind energy in the windiest parts of the ocean, floating wind
turbines, which are designed to work in deep waters, have to be de-
ployed. To support the wind turbines, floaters, such as spar-buoy, semi-
submersible, and tension leg platforms, are commonly adopted, which
are tethered to the seabed via mooring lines in order to restrain their
motions. In this work, to evaluate dynamic response of floating off-
shore wind turbines (FOWTs) under the action of waves, an overset mesh
based multi-phase flow solver is applied to model the wave structure in-
teraction problem due to its proven capability to accurately capture large
amplitude motions of structures. In the meantime, the quasi-static moor-
ing line model is integrated into the overset mesh CFD model so the
effects of both waves and mooring systems on FOWTs can be simulated.
To validate the coupled model, a test case that involves a moored semi-
submersible floating wind turbine model under the action of waves only
is simulated and the predicted heave and pitch motions are compared
with available experimental data and other numerical work. The vali-
dated overset CFD-mooring line model is then applied to investigate the
dynamic motion response of the semi-submersible floater in waves of
various steepness and periods including focused wave groups, demon-
strating its accuracy and capability for FOWT applications.
KEY WORDS: OpenFOAM; Finite volume method; Overset mesh
solver; Quasi-Static mooring system.
INTRODUCTION
Continuously growing demand of clean energy from the ocean has
driven a rapid development of both offshore renewable energy industry
and research. One of the mostly popular technologies of utilising
offshore renewable energy is to install the wind turbines on either fixed
or floating structures in the ocean. For the floating structures in the
deep sea, there are several types of platforms that have already been
widely used in offshore oil and gas industry, such as semi-submersible,
tension-leg, and spar platforms. Although the technology to be adopted
for floating offshore wind turbines (FOWTs) is similar to that used in
oil and gas industry, there are important differences in the mass (size)
and wave/wind loading characteristics between the two structures, hence
the need for a specific evaluation of the hydrodynamic characteristics
especially their stability and survivability under extreme conditions.
To address these issues, a high-fidelity numerical model needs to be
developed to accurately and simultaneously model hydrodynamics and
aerodynamics of floaters and turbine rotors respectively, as well as
mooring loads.
As one of the most well-known codes for modelling floating offshore
wind turbine systems, the FAST (Fatigue, Aerodynamics, Structures,
and Turbulence), which was implemented by the National Renewable
Energy Laboratory (NREL), has proven to be a powerful tool. For
the prediction of hydrodynamics, the FAST relies on the results from
external potential flow theory based hydrodynamic models as the
inputs, such as WAMIT and AQWA (Yang et al., 2020). Due to the
assumption of potential flow theory, these hydrodynamic models are not
able to accurately capture the motion response of a floating platform in
extreme environmental conditions, which in turn will potentially affect
the prediction accuracy of the other model components in the FAST.
Thus, to better predict the hydrodynamic response and survivability of
a floating offshore wind turbine, a numerical model that takes the full
non-linearity of the free surface problems into account, including wave
breaking process, is needed.
Compared to the numerical models based on fully nonlinear potential
flow theory e.g. Yan and Ma (2007) and Q Ma and Yan (2009), the
numerical models based on Navier-Stokes equations and Volume of
Fluid (NS-VoF) are able to predict the flow details in the vicinity of a
floating platform and corresponding motion response under extreme
ocean conditions (Chen et al., 2020; Lin et al., 2020). In order to
investigate the dynamics of a spar buoy floating wind turbine in
waves, Nematbakhsh et al. (2013) developed a 3-Dimensional (3D)
numerical wave tank based on Navier-Stokes equations, where the
air-water interface was tracked by Level Set Method and the immersed
boundary method was implemented at the solid surface of the support
structure. Zhao and Wan (2015) adopted the naoe-FOAM-SJTU solver
in OpenFOAM to investigate the wave-induced motion response of an
OC4 (Offshore Code Comparison Collaboration Continuation project)
semi-submersible floater in waves, taking into account the effects
of wind-induced force and moments acting on the floater rotational
centre. By using the STAR-CCM+ software, Tran and Kim (2015)
investigated the dynamic response of a semi-submersible floater with
catenary mooring lines in waves. It was concluded that their coupled
model has the capability of accurately reproducing experimental results
without the use of tuning parameters, which was the common approach
in potential flow theory based models. Subsequently Tran and Kim
(2016) performed the numerical investigations of the fully coupled
aero-hydrodynamics analysis of a semi-submersible floating offshore
wind turbine by applying the overset mesh technique in STAR-CCM+.
Good agreements have been demonstrated by comparing the numerical
results from their proposed models, experimental measurements,
and the simulation results based on the FAST. By using the sliding
mesh technique in OpenFOAM, Liu et al. (2017) implemented a fully
coupled CFD model for floating offshore wind turbines, taking both
aerodynamics and hydrodynamics into consideration.
More recently, Bruinsma et al. (2018) presented an improved Navier-
Stokes/Six Degree of Freedom (6-DoF) motion solver in OpenFOAM
for FOWT applications, and performed extensive validations against
experimental measurements from the OC5 programme. It is worth
noting that this work was among the first to provide a detailed com-
parison of the time histories of FOWT platform motion responses
between the numerical predictions and the experiments. Subsequently,
Rivera-Arreba et al. (2018) compared the numerical results from a
second-order potential flow model and the NS-VoF model with the
experimental data in terms of heave and pitch response in non-steep
waves. For more extreme cases, it was found that when the floater is
excited at the heave natural frequency the potential flow based model
failed to predict the heave response accurately due to its inherent
limitations.
To better capture the dynamic response of FOWT floaters under
extreme waves and to avoid mesh distortion induced by large amplitude
6-DoF platform motions, in the present work an overset mesh based
multi-phase flow solver in OpenFOAM (Chen et al., 2019) is integrated
with the Quasi-Static mooring line model as implemented in Bruinsma
et al. (2018). This newly proposed model is first validated against
relevant experimental data and numerical results based on dynamic
mesh solver (interDyMFoam/waveDyMFoam) for a test case involving
a moored semi-submersible FOWT floater in regular waves. Then, the
validated model is further applied to study the motion response of the
semi-submersible floater in regular waves and focused wave groups of
various wave heights and periods to demonstrate its ability to predict
dynamic response of FOWTs under different conditions. Finally, in
the last section the conclusions based on the model validations and
applications are briefly summarised.
NUMERICAL MODELS
Governing equations
The two phase flow problem is governed by incompressible Navier-
Stokes equations and the air-water interface is captured by the Volume
of Fluid method.
∇ · u = 0 (1)
∂ρu
∂t
+ ∇ · (ρu)u − ∇ · µ∇u = −∇p∗ − (g · x)∇ρ (2)
∂α
∂t
+ ∇ · uα + ∇ · (urα(1 − α)) = 0 (3)
(a) Overall mesh setup of numerical wave tank and green zone is the over-
set mesh region.
(b) Mesh setups of overset mesh (red zone) and background mesh in the
vicinity of a semi-submersible floater.
(c) Surface mesh of a semi-submersible floater.
Fig. 1 Mesh setups for numerical wave tank.
where ρ is fluid density, t is time, u is the velocity field, µ is dynamic
viscosity of fluid, p∗ is the pressure in excess of static pressure, g is grav-
itational acceleration, x = (x, y, z) is the Cartesian coordinate system, α
is the volume fraction, and ur is compressive velocity field (Berberović
et al., 2009) for maintaining the sharp water-air interface. All these equa-
tions are spatially discretised and solved by Finite Volume Method in the
open source Computational Fluid Dynamics toolbox OpenFOAM.
Overset mesh solver and mooring line model
To avoid potential mesh distortion due to the large motion of a moving
structure, the overset mesh functionality implemented in OpenFOAM
was adopted in this study for modelling a semi-submersible FOWT
floater in both regular and focused waves. In general, overset mesh
technique is clearly advantageous over the dynamic (moving) mesh
approach as far as modelling flow problems with large amplitude
uniform or relative body motions is concerned. The basic concept of
overset mesh technique is quite simple - there are multiple meshes
(grids) in a composite mesh system, i.e., one background mesh covering
the entire computational domain and one or more overset meshes on top
of it. During the simulation, the background mesh is fixed and an overset
mesh is generated around each structure and moves with it. The flow
variables between the background and overset meshes are exchanged
by interpolation at each time step. More details of the implementation
of overset mesh technique in OpenFOAM can be found in Chen et al.
(2019) and Z Ma et al. (2018).
As semi-submersible floaters are installed in deep waters, their motions
are restrained by catenary type mooring lines, which are anchored into
seabed. In this work, to model the mooring line dynamics a Quasi-Static
(Q-S) mooring line model is adopted and integrated into the overset
multi-phase flow solver in OpenFOAM. The effectiveness and accuracy
of the mooring line model has previously been demonstrated in Bruinsma
et al. (2018) and for the details of the model, readers are referred to Krenk
(2001) and Bruinsma et al. (2018).
MODEL VALIDATION
To validate the coupled overset mesh and mooring line solver in
OpenFOAM, a test case involving a 1:50 scale semi-submersible FOWT
model under the action of regular waves is simulated. The physical
experiments were conducted at the MARIN, the Netherlands. In the
experiments, two catenary mooring lines and two linear springs were
installed to the floater to restrain its motion response. For more details
on the mooring lines setup, such as mooring attachment and anchor
locations, and mooring lines properties, readers are referred to the
Appendix D in Bruinsma (2016). The wave parameters used for the
validation test case are listed as case RWA1 in Table 2 and the structural
properties of the semi-submersible floater are listed in Table 1, where
the full mass properties of the FOWT model are considered, including
nacelle, rotor blades, support tower, semi-submersible floater and
mooring lines. The numerical wave tank has a length of 18m, width of
5m, and height of 5m. The skech of numerical wave tank is illustrated in
Fig. 1(a), where the inlet for wave generation is applied on left boundary,
outlet for absorbing outgoing waves is imposed on right end boundary,
the atmosphere boundary condition is used on the top of NWT, and
the side and bottom are treated as wall boundary condition. The mesh
cell numbers of the background and overset meshes are 3.4 million and
1.75 million, respectively. For the background mesh a minimum of 80
cells per wave length are used in the direction of wave propagation and
the region around the floater in Fig.1(b), where the floating structure
may move under the effects of waves, is refined adequately to capture
the details of the wave-structure interaction process. The applied mesh
resolution is based on our previous mesh convergence studies in Lin
et al. (2020) for simulating the interaction between focused waves and
wave energy converters. To represent the floater in the overset mesh
zone accurately, a well refined surface mesh has been used as indicated
in Fig.1(c). During the simulation, each time step is determined by
Courant–Friedrichs–Lewy condition, which is 0.3 in all the cases
followed. Finally, in the numerical wave tank, the target or required
waves are generated and absorbed at the two ends of the numerical wave
tank using IHFOAM package (Higuera et al., 2013a,b).
In Fig. 2, the numerical results based on the present overset-mooring line
model are compared with the experimental measurements and numerical
results based on the dynamic mesh solver with the same Q-S mooring
model in OpenFOAM. It can be seen that while no experimental and
other numerical results of the surge motion are available for comparison,
the numerical results from the present overset-mooring model have
better agreements with the experimental measurements for both heave
and pitch responses. This shows that compared with the dynamic
mesh solver in OpenFOAM, the overset mesh solver can achieve better
solution accuracy when a structure of complex geometry such as the
semi-submersible floater and its motion response due to waves are
considered. For the computational expense, this validation case took
approximately 137.2 hours using 96 cores with Intel® Xeon® E5 2603
@ 1.7GHz.
Fig. 2 Validations of motion response under regular waves
(RWA1 in Table 2) against experimental measurements and
numerical results from Bruinsma et al. (2018).
Table 1 Mass properties of the semi-submersible floater.
M Ixx Iyy Izz d CoM
[kg] [kgm2] [kgm2] [kgm2] [m] [m]
111.66 49.77 47.56 43.81 0.4 0.1614
Note: M is the mass of a semi-submersible floater; Ixx, Iyy,
and Izz are the moment of inertia; d is the draft, and CoM is
the centre of mass below still water level. The mass proper-
ties take full floating system into consideration, including a
nacelle, rotor blades, a support tower, a floater, and mooring
lines.
Table 2 Wave parameters of regular waves with various wave ampli-
tudes and same wave period
Case ID Wave amplitude (m) Wave period (s) Water depth (m)
RWA1 0.07 1.71 4
RWA2 0.09 1.71 4
RWA3 0.13 1.71 4
RWA4 0.17 1.71 4
APPLICATIONS AND DISCUSSIONS
In this section, the developed overset-mooring line model is further ap-
plied to investigate motion response of the aforementioned floater in reg-
ular waves with various wave amplitudes and wave periods (constant
wave steepness) and focused waves with various peak wave amplitudes.
Table 3 Wave parameters of regular waves with various wave pe-
riods and constant wave steepness
Case Wave Wave Water Wave
ID amplitude (m) period (s) depth (m) steepness (ka)
RWT1 0.13 1.71 4 0.179
RWT2 0.18 2 4 0.179
RWT3 0.234 2.3 4 0.179
RWT4 0.296 2.6 4 0.179
RWT5 0.36 2.9 4 0.179
Motion response under regular waves
A preliminary parametric study on the effects of wave amplitudes
(steepness) and wave periods (with constant wave steepness) on motion
response of the semi-submersible floater under regular waves are
conducted. Four test cases for the former and five test cases for the latter
have been chosen and the corresponding wave parameters are tabulated
in Tables 2 and 3.
Fig. 3 Motion response of a semi-submersible floater in regular
waves with various wave amplitudes in Table 2. (a) Surge;
(b) Heave; (c) Pitch.
In Fig. 3, the time series of surge, heave, and pitch responses are
presented with various wave amplitudes. With the increase of wave
amplitudes, the magnitude of these three degree of freedoms are
significantly affected and amplified. Moreover, distinct wave drift
(surge) motion, which is defined the averaged surge motion away from
initial location (surge = 0 m), is predicted for the case RWA4 in Fig. 3
compared to the surge for the case RWA1. On the other hand, this wave
drift motion is not significant for the cases of the fixed wave steepness
in Fig. 4, although the magnitude of surge for case RWT5 is still large
compared to that of case RWT1. For heave motion, increasing wave
amplitudes and wave periods have certainly resulted in larger heave
response, particularly for the cases of larger wave periods and associated
Fig. 4 Motion response of a semi-submersible floater in regular
waves with various wave periods and constant wave steep-
ness in Table 3. (a) Surge; (b) Heave; (c) Pitch.
Table 4 Test conditions of the focused wave groups
Case A f Tp Hs h kpA
ID [m] [s] [m] [m] [-]
FW1 0.2 2.5 0.274 4 0.128778
FW2 0.25 2.5 0.274 4 0.160972
FW3 0.3 2.5 0.274 4 0.193167
Note: A f is focal crest height, Tp is the wave period
for the wave component at peak frequency. Hs is
significant wave height, h is water depth, and kpA
is wave number for the wave component at the peak
frequency. Pierson-Moskowitz spectrum is adopted
in this study.
higher wave amplitudes with constant wave steepness. For pitch motion,
it should be noted in Fig. 3(c) that increasing wave amplitudes lead to
severe rotational response compared to small wave amplitude cases.
This may be attributed to the combined effects of larger wave runup
and pressure difference on front and rear columns and pontoons of the
floater, as well as the resulting larger overturning moments particularly
at some time instants, such as t/T = 6.8, 7.34 and 8.89 in Fig. 3(c) and
Fig. 5. However, the pitch response is less sensitive to the the increase
of wave amplitudes as shown in cases RWA3 and RWA4. This may be
due to the stronger restraints of the catenary mooring lines on the floater
in the cases of large wave amplitudes.
(a) t/T = 6.8
(b) t/T = 7.34
(c) t/T = 8.89
Fig. 5 Snapshots of floater motions at different time instants.
Fig. 6 The layout of wave gauges in the COAST Laboratory
Ocean Basin, University of Plymouth, the UK. Source:
CCP-WSI Blind Test Series 2 (2020)
Motion response under focused waves
In this section, the dynamic motion response of the semi-submersible
floater in focused waves is numerically investigated. The focused waves
as specified in the CCP-WSI blind test series 2 and 3 in Ransley et al.
(2020) and Ransley et al. (2020) are first numerically reproduced in the
empty NWT, which has a length of 24m, width of 5m, and height of
5m. The cell numbers for the background and overset meshes are 8.36
million and 1.75 million, respectively. The mesh setup of overset mesh
in the vicinity of the floater is identical to the mesh setup for regular
waves in Fig. 1(b) and (c). Moreover, the mooring line systems used in
the regular wave tests are also adopted for the cases of focused waves.
The locations of wave probes are indicated in Fig. 6. For more details
of experimental setups, readers are referred to the CCP-WSI blind test
series in Ransley et al. (2020), Ransley et al. (2020), Chen et al. (2020),
and Lin et al. (2020). The test conditions are listed in Table 4, where the
NewWave type focused wave groups are used to produce extreme wave
conditions and the Pierson-Moskowitz spectrum is adopted in this study.
In Figs. 7-9, the numerical results of the focused wave groups generated
by the second-order irregular wave theory (Hu et al.,2016; Chen et
al., 2019) are compared with experimental data from CCP-WSI blind
test series. It can be seen from the comparisons in Figs. 7-9 that
excellent agreements between numerical and experimental results have
been achieved. Then the test cases of the semi-submersible floater in
focused waves of different peak wave amplitudes are simulated. The
numerical results of motion responses, such as surge, heave, and pitch,
are presented in Fig. 10, where the changes (increases) in surge and
heave responses are strongly correlated to the changes (increases) of
peak wave amplitudes. However, for the pitch responses the trend is
slightly different. Similar to the cases of regular waves in Fig. 3(c),
with the further increase of peak wave amplitudes, the change in pitch
responses is somehow limited as the effects of catenary moorings on
limiting the overturning motion of the floater become dominant in the
conditions of larger wave amplitudes.
CONCLUSIONS AND DISCUSSION
In this study, the overset mesh solver is coupled with Q-S mooring
system in OpenFOAM. This developed overset-mooring model is vali-
dated against available experimental measurements and numerical results
based on dynamic mesh solver in OpenFOAM and good agreements have
been achieved in terms of motion response of a semi-submersible floater
in regular waves. The validated model is then applied to study the mo-
tion responses of the same floater in regular waves with different wave
amplitudes and a fixed period, regular waves with different wave periods
and a fixed wave steepness, and focused waves with various peak wave
amplitudes. It is found that the motion response of the floater is highly
sensitive to both wave amplitudes and wave periods, while the maximum
pitch is limited to 5◦ in all cases and less sensitive to the increase of wave
periods due to the restraint of catenary mooring lines. The same conclu-
sion can be made for the motion response of the floater in focused waves.
In the future, the developed overset CFD-mooring line model will be ex-
tended to include the simulation of air flow around FOWT rotors so the
dynamic response of an entire FOWT system under both wind and wave
loading and mooring line constraints can be evaluated.
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Fig. 7 Free surface elevation validation of focused waves (FW1)
at different wave gauges.
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